Abstract-A short range 3.1 -10.6 GHz single band ultrawideband (UWB) pulse radar system is presented. The transmitter consists of a pulse generator that is connected to a broadband monopole antenna. The generated pulse shape is similar to the fifth derivative of the Gaussian bell shape and makes efficient use of the allocated FCC UWB frequency mask. The receiver is realized with a single-ended low noise amplifier and active single-ended to differential converters that drive the input ports of an analog correlator which uses pulse sequences as template signals. Measurements show a resolution capability of the radar system in the millimeter range. All active circuits have been realized in a low cost 0.8,um SiGe HBT technology.
I. INTRODUCTION
UWB RF techniques offer well-recognized advantages for short range radar systems such as surface penetrating radars, medical imaging and sensing. Due to the broad bandwidth a high spatial resolution both in depth as in lateral dimensions is possible. Previous work on UWB radar systems includes the study of a superregenerative incoherent UWB pulse radar system [1] and an UWB InP-HEMT RF chipset for 24 GHz-band short range radar applications [2] . Digital UWB sensors using maximum length binary sequences as transmit signals with a corresponding bandwidth from nearly 0 to 5 GHz are described in [3] . Here we present a single band pulse radar system that is designed for operation in the allocated FCC UWB frequency band from 3.1 to 10.6 GHz [4] . The pulse-based radar system implements the original idea of UWB and allows simple low cost transceiver designs that make use of the inherent low complexity of such a system. II. SYSTEM ARCHITECTURE A block diagram of the realized UWB radar system is given in Fig. 1 . Two pulse generators provide continuous pulse trains on the transmit side (TX) as well as on the receiver side (RX) where the pulses are used as template signals for the correlation detection. The pulse generators are clocked by CLKRX and CLKTX with fRx and fTx, respectively, which can be varied from very low frequencies up to pulse repetition rates above 1 GHz. The pulse sequences are transmitted and received via two broadband monopole antennas. On the receiver side the incoming pulse sequence is amplified by a low noise amplifier that is followed by an analog correlator. The balanced input ports of the correlator are driven by two active single-ended to differential converter stages. The correlator core consists of a four-quadrant Gilbert cell multiplier. The differential output signal of the multiplier is low-pass filtered and further processed with a digital sampling scope. A common reference fREF provides phase synchronisation for the measurement. In typical applications, a slight frequency offset is introduced between transmitter and receiver clocks. The frequency offset Af = fRx -fTx results in a periodically changing phase offset between the two signals. Periodic correlation peaks occur when a received pulse coincides with the template pulse. The exact position of the target is derived from the corresponding phase of the clock signal CLKRX which depends on the time-of-arrival of the incoming pulses compared to a common reference.
III. MMIC CHIP SET All presented MMICs have been designed and fabricated using the commercially available 0.8 ,um ATMEL SiGe2 HBT technology [5] .
A. Pulse Generator
Pulse shapes usually found in literature are based on the Gaussian pulse and its derivatives. For indoor systems, at least the fifth-order derivative should be used to make most efficient use of the allocated spectrum mask [6] . compliance with the FCC regulatory spectrum mask for indoor UWB devices is depicted in Fig. 4 . For this 200 MHz pulse train, the average power consumption of the mounted chip is 38 mW. The pulse generator is connected to a microstrip-fed monopole antenna which has been realized on a 0.508mm Rogers R04003C substrate. To achieve the maximum impedance bandwidth using a simple square monopole, a pair of notches is placed at the lower corners of the patch. The notch structure is embedded in a truncated ground plane. A detailed description of this approach can be found in [9] .
B. Low Noise Amplifier
The LNA has been realized as a three-stage amplifier that uses a combination of local series feedback with capacitive emitter degeneration, local shunt feedback and global shunt feedback between the first and second stage to broaden the operating frequency range in terms of gain, linearity and noise matching. The complete chip, higher order derivatives are based on digital approaches that combine the output signals of several logic gates [7] .
Here we present an efficient approach that is based on a R-L-C resonance circuit which is driven by a current pulse with a pulse shape similar to the Gaussian pulse. The currents in the R-L-C resonance circuit shown in Fig. 2 can be described by the following second-order differential equation d2i
where the resulting impulse shape is determined by the damping parameter 2L (2) and the natural frequency 1
Setting the parameters of the resonance circuit to C = 150fF, L = 1.2nH and R = 50Q results in an underdamped response which is characterized by an exponentially decaying sinusoidal waveform. Stimulating this differentiating resonance circuit by a current pulse with a Gaussian bell shape of 83 ps fall width at half maximum leads to an output voltage UR with a pulse shape similar to the fifth derivative of the Gaussian bell shape. The main difficulty here is to provide a current pulse with very short transition times as the pulse shape and the achievable pulse amplitude is determined by the risetime of the signal that controls the R-L-C resonance circuit. The short transition times are achieved by a two-stage limiting amplifier that is followed by a high-pass network that forms the controlling current pulse for the R-L-C pulse shaping network. The pulse amplitudes are adjustable to the emission limits set by the spectrum mask. A detailed description of this approach can be found in [8] . Fig. 3 shows the measured pulse shape of the mounted chip. Excellent agreement with the targeted pulse shape has been achieved. The spectrum of pulse sequences with regular pulse-to-pulse intervals shows discrete energy spikes corresponding to the repetitive period of consecutive pulses. The measured output spectrum of such a 200 MHz pulse train and its pads included, has a size of 0.17 mm2. The total power consumption of the LNA equals 55mW. Detailed presentations of the LNA design and on-wafer performance characteristics can be found in [10] . Measurements of the received pulse shape were done in an anechoic chamber with the TX and RX antenna placed at a distance of 30 cm. The pulse shape at the output of the LNA is depicted in Fig. 5 . Excellent pulse symmetry has been maintained. Fig. 6 shows a simplified schematic of the UWB analog correlator core. The correlator core comprises a fourquadrant Gilbert cell multiplier with two active singleended to differential converters at the input (RF) port and template signal (TS) port, respectively, a low-pass filter and a buffer amplifier stage. The Gilbert cell employs capacitively shunted emitter degeneration on the bottom differential pair. Shunt resistors at the RF and TS ports provide a broadband matching to the preceeding singleended to differential converters. The differential outputs of the converters are taken at the collector and emitter node of a single transistor. Gain and phase accuracy is achieved with capacitively shunted emitter degeneration which compensates the load imbalance seen from the emitter and collector nodes, respectively. The differential output signal of the multiplier is fed into a pair of emitter followers and further processed with a digital sampling scope. The 800MHz 3-dB multiplier output bandwidth is mainly determined by the corner frequency of the low-pass filter that is formed by the load resistors of the Gilbert cell together with the shunt capacitors at the input of the succeeding buffer stage. The lower cutoff frequency (3.5 GHz at -3 dB) of the RF and TS inputs is set by the coupling capacitors between the single-ended to differential converters and the multiplier whereas the upper 3-dB cutoff frequency exceeds the UWB frequency band. Operated with sinusoidal inputs, the MMIC exhibits a) Pulse generator b) LNA c) uorrelator C() Antlelnlnd Fig. 7 . Photographs of the mounted MMIC chip set and the monopole antenna a single-ended conversion gain of -4 dB and a 1 dB input compression point of -1 dBfm at the center of the UWB frequency band for an applied power of -5 dBfm to the TS port. Fed with pulses, the Gilbert cell acts as a true multiplier instead of switching the upper transistor quad as usually done in mixer applications. The power consumption of the multiplier together with the singleended to differential converters equals 58 mW whereas the buffer stage draws 9 mA from the common 3 V supply. The complete chip, pads included, measures 0.33 mm2. Fig. 7 shows the mounted MMIC chip set and the monopole antenna.
C. Analog Correlator Core

IV. EXPERIMENTAL RESULTS OF THE PULSE RADAR
SYSTEM
The MMIC chipset was mounted in separate modules on a 0.305 mm Rogers R04003C substrate. Additional 6 dB attenuators were placed between the LNA and the multiplier RF input and between the template generator and the TS input, respectively, to minimize multiple reflections. A 144 cm2 metal plate was used as the target object. To allow an easy assessment of the target distance, the antennas and the target were placed in a collinear arrangement where the RX antenna was positioned 15 cm to the right of the TX antenna and the target 10cm to the left. The clock signals on the RX as well as on the TX side were set to a common frequency of 200 MHz. Depending on the time of arrival of the incoming pulses, the CLKRX phase was swept in one-degree-steps until a maximum cross-correlation energy was detected. Fig. 8 Fig. 9 . Normalized cross-correlation energy of incoming pulse with template pulse using a low cost 0.8 ,um SiGe HBT technology. The inherent low system complexity and the high resolution capability make the system an ideal candidate for future high resolution short range radar systems.
